Rainfall erosivity is the ability of precipitation to erode soil. Raindrops impact on the surface-rainsplash-represents an important mechanism of soil particles detachment. If the soil is not perfectly flat rainsplash will also produce the movement of soil particles down the slope due to diffusion. But even in the case of flat soils the detached particles will be available for transport by other erosion agents such as surface runoff. Despite its importance as fundamental erosion process very few studies have addressed the climatology of rainfall erosivity. It is known fact rainfall erosivity in long term (e.g., cumulative annual values) is determined by a few number of heavy events. This study analyses the interannual variability of daily rainfall erosivity in NE Spain during the period 1955-2006, and its connection with atmospheric circulation patterns influencing rainfall in the region, namely the North Atlantic Oscillation (NAO), the Mediterranean Oscillation (MO) and the Western Mediterranean 2 Oscillation (WeMO). It is found that the erosive power of rainfall is stronger during negative phases of the three atmospheric circulation indices, and weaker during positive conditions. Daily rainfall erosivity series were adjusted to a Generalized Pareto probability distribution for positive and negative days of the atmospheric circulation indices, for assessing their effects on rainfall erosivity extreme events. Results showed higher values expected for a given return period in most of the area under negative conditions of all indices, especially at the Mediterranean coast. Overall, MO and WeMO showed the strongest influence on daily rainfall erosivity extremes. These findings would be useful in the implementation of soil conservation strategies.
estimation of soil erosion rates through space and time. In the context of climate change the effect of altered rainfall characteristics combined with other aspects such as biomass and changes in the soil moisture regime are some major concerns of soil conservation studies.
Rainfall erosivity can be quantified by several erosivity indices that evaluate the relationship between drop size distribution (DSD) and kinetic energy of a given storm. Empirical studies have demonstrated an exponential relationship between rainfall intensity and rainfall erosivity parameters (Brown and Foster 1987; Coutinho and Tomás 1995; Van Dijk et al. 2002) .
However, since DSD and kinetic energy are highly variable in time and space, and therefore so is rainfall erosivity ), high time resolution series of rainfall intensity are required.
The USLE/RUSLE R factor (MJ mm ha -1 h -1 y -1 ), which is the average value of the annual cumulative EI 30 index over a period of time (Wischmeier 1959 , Wischmeier and Smith 1978 , Brown and Foster 1987 , Renard et al. 1997 , is probably the most widely used rainfall erosivity index. The event's rainfall erosivity EI 30 index (MJ mm ha -1 h -1 ) is obtained from the energy of the rain (E), given by the unit rainfall energy e (which is an empirical exponential relationship depending on the intensity) per volume of precipitation during a period of 15 minutes, and multiplied by the maximum intensity in 30 minutes. This last multiplication assures that soil saturation and associated surface runoff generation are taken into account.
One of the practical problems associated with the EI 30 index is the need for high frequencytypically higher than 15 min, or pluviograph data-, long series of rainfall intensity data.
Information of this nature is rarely available with the adequate spatial and temporal coverage, and daily records are usually the best available data at most locations. Attempts at estimating rainfall erosivity from daily rainfall records or storm event data have been based largely on exponential relationships (Richardson et al. 1983 , Bagarello and D'Asaro 1994 , Petkovsek and Mikos 2004 , Yin et al. 2007 , Capolongo et al. 2008 ).
Other attempts to predict rainfall erosivity from mean annual rainfall and/or mean monthly rainfall like the modified Fournier index (Arnoldus 1977) have provided coarse results, since rainfall erosivity depends largely on short but very intense rain episodes, which are largely smoothed when data is aggregated at coarser time resolutions. Despite this drawback, studies based on these indices have been extensively cited in the scientific literature (Banasik and Górski 1994 , Renard and Freimund 1994 , Yu & Rosewell 1996 , Ferro et al. 1999 Previous work has shown that the spatial and temporal variability of rainfall intensity can be explained by coupled modes of atmospheric circulation patterns (Hurrell 1995; Jones et al. 1997; Hurrell et al. 2003) . The main atmospheric circulation pattern that affects the climate of Western Europe is the North Atlantic Oscillation, NAO (Jacobeit 1987; Moses et al. 1987 ).
The NAO is characterized by a north-south sea level pressure dipolar pattern, with one of its centres located over Iceland and the other one approximately over the Azores Islands, ( Figure   1 ). The positive phase of the NAO reflects below normal heights and pressure across the high latitudes of the North Atlantic, and above-normal heights and pressure over the central North
Atlantic. The NAO negative mode reflects a high-pressure blocking in the northeast Atlantic and more meridional circulation than the opposite mode. Upper-air troughs and incursions of polar air over the Mediterranean are more frequent during negative NAO, and the Atlantic storm tracks are displaced southwards. All these factors are responsible for wetter conditions in the western Mediterranean (Jacobeit 1987; Moses et al. 1987; Maheras, 1988; Kutiel et al. 1996) . The influence of the NAO on precipitation over the Iberian Peninsula has been recognized in many studies (Rodó et al., 1997; Esteban-Parra et al., 1998; Rodríguez-Puebla et al., 1998; Martín-Vide and Gómez, 1999; Serrano et al., 1999; Goodess and Jones, 2002; Lopez-Bustins et al., 2008) , and is especially strong in its south-western and central areas (Martin-Vide and Lopez-Bustins, 2006) .
In contrast, the Mediterranean coast of Spain is dominated by more easterly Mediterranean influences (Dünkeloh and Jacobeit, 2003; Martin-Vide and Lopez-Bustins, 2006; González-Hidalgo et al., 2009) . In this area the pre-eminence of the NAO in explaining the variability of rainfall leads way to other circulation patterns such as the Mediterranean Oscillation, MO (Conte et al. 1989; Palutikof, 2003) , and the Western Mediterranean Oscillation, WeMO (Romero et al. 2007) . No studies however have compared the varying influence of several teleconnection patterns on rainfall erosivity over a single region.
The aim of this study is to assess the influence of the NAO, MO and WeMO on daily rainfall erosivity at the annual and monthly scales in NE Spain, during the period . A second objective is to identify changes in the probability of occurrence of extreme daily erosivity events in relation with daily atmospheric circulation indices.
Study area and methods

Study area
The study area covers the northeast of Spain, encompassing an area of about 147,000 km 2 that corresponds to the administrative territorial province demarks which conform the Ebro Basin.
The study area is geographically complex, including several mountain ranges and a main central valley, the Ebro River basin. The area is limited to the north by the Cantabric Sea wet and dry periods as a consequence of the seasonal displacement of the polar front and its associated pressure systems, prolonged dry periods can be followed by torrential rainfall events that last for several days. Inter-annual variability in precipitation is very high, too. The most extreme precipitation events have been recorded along the Mediterranean seaside (Romero et al. 1998 Peñarrocha et al. 2002 .
Rainfall erosivity reproduces to a certain point the spatial characteristics of cumulative precipitation in the study area, as revealed by analyzing station data (figure 3). Three different areas can be recognized, following a NW−SE gradient. The NW zone (A), influenced by the Atlantic Ocean, shows the highest monthly rainfall values and minimum rainfall erosivity; the highest erosivity is attained at the beginning of the summer, coinciding with late spring storms. The central zone (B) includes the majority of the observatories, with precipitation amounts that are lower than in the NW zone (although still abundant), though erosivity is greater and shows two annual peaks, one in late spring (May−June) and a second (highest) at the end of the summer (August−September). The NE zone (C) has a typical Mediterranean rainfall behavior, with maxima in spring and autumn and highest erosivity in autumn.
Due to its complex climatology as a consequence of being a meteorological border region and the contrasted relief, the Ebro Basin has a long history of social, economic and environmental damage caused by extreme rainfall events (García-Ruiz et al. 2000 , Lasanta 2003 , Llasat et al. 2005 ). The main activity in terms of surface is agriculture, representing approximately 46% of the land use. It is extended around the Ebro valley occupying a broader area close to the Mediterranean coast. During winter agricultural soils remain uncovered in most cases.
Consequently, rainfall erosivity is the principal cause of soil erosion with no limiting factor at that time.
Daily rainfall erosivity database
For this study two databases were used (figure 2): i) 110 selected rainfall series from the Ebro river basin authority's hydrologic information system, with precipitation data at a time resolution of 15 min since 1997 (P SAIH ); and ii) 156 daily rainfall series from the Spanish meteorological agency, with daily (0600 to 0600 hours, local time) precipitation amounts for the period 1955-2006, (P AEMET ). Precipitation time series were quality controlled via a process that included reconstruction, gap filling, quality control and homogeneity testing (Vicente- Serrano et al. 2009a ). The SAIH dataset had the adequate time resolution for computing rainfall erosivity, but only covered eleven years. The AEMET dataset has the adequate length for undertaking climatological studies, but its coarser time resolution does not allow to directly compute rainfall erosivity. Therefore, we used a transformation for estimating daily erosivity values from daily rainfall amounts (Angulo-Martínez and Beguería, 2009).
Daily erosivity was computed from the SAIH dataset (EI SAIH ) following the RUSLE methodology (Renard et al. 1997) . Daily rainfall amounts were also calculated from the SAIH dataset (P SAIH ). This allowed fitting an exponential relationship between both variables (Richardson et al., 1983) :
where a and b are empirical parameters and ε is a random, normally distributed error. Annual and monthly cumulative values of the RUSLE R factor were obtained by aggregating the daily EI 30 values. This allowed determining the periods of the year for which the effect of teleconnection patterns was stronger. Daily analysis was then performed focused on those periods.
Atmospheric circulation indices
To calculate daily indices for the atmospheric teleconnection patterns (namely NAOi, MOi 
where − EI and + EI are the median daily rainfall erosivity during negative and positive days of a given atmospheric circulation index-NAO i , MO i and WeMO i -, as defined above. For example, (150-100)/100 = 0.5 means that erosivity was 50% higher during negative days than during positive days, while (100-150)/150 150-100 = -0.33 means that erosivity was 33.3%
lower during negative days than during positive days. The statistical significance of the relative differences was evaluated using the Wilcoxon-Mann-Whitney (WMW) rank test (Siegel and Castelan, 1988) . The nonparametric WMW test-based on the median-was preferred due to its robustness against non-normality of the variables (Helsel and Hirsch, 1992) . The significance level was established at α=0.05. Maps of EI dif for the whole period and month by month were produced to help visualize spatial differences in the effect of atmospheric circulation indices on daily rainfall erosivity.
Extreme value analysis of rainfall erosivity during positive and negative days of the atmospheric circulation patterns
Changes in the probability distributions of extreme daily rainfall erosivity depending on the NAO, MO and WeMO phase were analyzed using the extreme value theory (Hershfield, 1973) . Peaks-over-threshold (POT) series of daily rainfall erosivity were obtained for positive and negative NAO, MO and WeMO days, by selecting only those observations exceeding a threshold value u corresponding to the 90th percentile of the series. The resulting series were fitted to a Generalized Pareto (GP) distribution by the maximum likelihood approach. GP is the limit distribution of a POT variable, proving that the POT occurrences fit a Poisson process, i.e. that the occurrences are time independent. The appropriateness of the GP distribution to model the daily erosivity POT series was checked by means of the L-moment ratios diagram and by a Kolmogorov-Smirnov test (Beguería 2005; Beguería et al. 2009 ). The GP distribution is described by a shape parameter k and a scale parameter α, with probability density function:
and distribution function:
where x is the daily rainfall erosivity exceeding the threshold value u, which acts as a location parameter. The highest expected rainfall erosivity X T over a period of T years is obtained as:
where λ is the average number of events per year.
Maps of the extreme daily rainfall erosivity events corresponding to a return period of 10 years were produced for positive and negative NAO, MO and WeMO days based on equation (5). These maps were compared in order to evaluate differences in the expected extreme events depending on each circulation pattern. The POT analysis was applied to the period between September to April, during which the influence of circulation patterns was highest, as was determined by the previous analysis.
Results
Annual and monthly differences in median daily rainfall erosivity during negative and positive NAO, MO and WeMO days
The results of the WMW test comparing the daily distributions of rainfall erosivity during positive and negative NAO, MO and WeMO days yielded 154 (99%), 149 (96%) and 144 (92%) significant differences, respectively (Table 1) . Differences were found in almost all months, although they where especially important between September and April. Most observatories reflected this behaviour. During summer (June to August) the influence of the circulation patterns was less evident.
Relative differences in rainfall erosivity during negative and positive days of the circulation patterns varied significantly between teleconnection indices ( Figure 5 ). Median rainfall erosivity was only moderately (1 to 3 times) higher during negative NAO days. The
Mediterranean indices, in contrast, had a stronger influence. Thus, in the lower Ebro valley to the SE of the area the median erosivity was between 3 and 10 times higher during negative days of MO i and between 10 and 15 times higher during negative days of WeMO i . For these two teleconnection indices two areas were found-in the north in the case of MO i and in the north-northwest in the case of WeMO i -where the influence of these teleconnection patterns was reversed, i.e. erosivity was higher during positive days. This relationship, however, was not significant according to the WMW test.
At the monthly basis, the strongest differences occurred between September and April (Figures 6 to 8 ). In general, daily rainfall erosivities in the eastern area responded most to the synoptic situations related to negative conditions of the atmospheric circulation indices. This area corresponds to the region described in Figure 3C , where the highest rainfall erosivities are associated to intense rainfall events in autumn and early winter.
At the monthly scale, the NAO influence ( Figure 6 ) was significant from October to February in most of the study area, and in April-May in some areas. From June to September the influence of the NAO on rainfall erosivity was not significant. The strongest influence of NAO was found close to the Mediterranean coast, especially in the upper north-east Mediterranean area. The strongest differences between positive and negative NAO days were found in November, with erosivity values up to 30 times higher during negative conditions. Again, this influence was higher in the SE of the study area. Other months (January, April, May) showed also significant influences in some areas, but much more spatially localized.
The MO revealed a stronger influence than NAO, especially between September and March ( Figure 7 ). This influence was strongest along the Mediterranean coast, and was extended towards inland depending on the month. The strongest relative difference between positive and negative days was registered in December, for which most of the NE region had daily rainfall erosivity values 30 times greater on negative compared to positive days. The strongest relative differences, however, were linked to the WeMO (Figure 8 ). Rainfall erosivity under negative WeMO days was up to 130 times greater than under positive days, concentrated along the Mediterranean coast between October and January. The influence of the WeMO was restricted spatially to a narrower area closer to the coast, only extending to the centre of the study area during some months.
Differences in extreme rainfall erosivity between negative and positive
NAO, MO and WeMO days
The POT series of rainfall erosivity had a good fit to the GP distribution, as shown by the Lmoment diagrams (Figure 9 ). Independently of the sign of the atmospheric circulation indices, the empirical L-moments of rainfall erosivity series plotted close to the theoretical curve of the GP distribution. This was especially evident when other possible candidate distributions were compared. The Kolmogorov-Smirnov test allowed accepting the GP distribution for the data, since only in very few cases the null hypothesis that the data came from a GP distribution was rejected at the defined significance level. This result agrees with recent studies demonstrating the strong performance of the GP distribution in fitting extreme hydrological variables using partial duration series (Hosking and Wallis, 1987; Madsen and Rosbjerg, 1997; Beguería, 2005 ). Here we also found that the GP distribution has a good performance in fitting daily rainfall erosivity data.
By adjusting the daily rainfall erosivity series for the selected months to the GP probability distribution we obtained the probability of occurrence of extreme daily rainfall erosivity There is a general interest regarding the effects of climate dynamics, especially in a context of climate change, in the environment. However, very few studies have related the atmospheric circulation patterns to rainfall erosivity, due mostly to the lack of accurate rainfall erosivity series long enough to make this analysis possible. In this paper we investigate the differences in rainfall erosivity between positive and negative days of three well known atmospheric teleconnection patterns affecting precipitation in the Iberian peninsula: the NAO, the MO and the WeMO.
We analysed daily rainfall erosivity under positive and negative days of NAO, MO, and
WeMO at the annual and monthly scales for the period 1955-2006 in 156 observatories in northeast Spain. The three teleconnection patterns had an influence on rainfall erosivity, with higher erosivities during negative modes of the three indices. This relationship was strongest between September and April, and almost no significance was found for summer months. Of the three indices, NAO had the weakest influence on rainfall erosivity while for MO and especially the WeMO the differences between positive and negative modes were larger. This result is in agreement with previous studies, since the negative modes of the three teleconnections are related to increasing precipitation in the study area (Conte et al. 1989; Rodríguez-Puebla et al., 1998; Palutikof, 2003; Dünkeloh and Jacobeit, 2003; Martin-Vide and Lopez-Bustins, 2006; González-Hidalgo et al., 2009 ). It has also been shown that WeMO has the strongest influence of the three indices, most notably during autumn and winter, when the teleconnections control the geographic location of the major atmospheric features controlling the weather over the Iberian Peninsula.
Spatially, the influence was strongest along the Mediterranean coast and decreased progressively towards the NW. The highest rainfall erosivities in the study area corresponded to negative WeMO days, and occurred around the Ebro delta. Regarding the spatial extent of the influence, the MO had the broadest extension of the significant area, while the effect of the WeMO was more restricted to the coastal zone. This also coincides with previous results analysing the influence of teleconnection indices on extreme rainfall events in the NE of Iberia simultaneously would result in even higher rainfall erosivity values. However, the analysis of this article is restricted to the single effect of the indices, so this possibility has not been tested.
Conclusions.
Expected rainfall erosivities can be two orders of magnitude higher under negative phases of the NAO, MO and WeMO in our study area, especially along the Mediterranean coast in autumn and early winter. The loss of fertile soil during this period of the year, when agricultural lands are mostly bare, is directly related to the rainfall erosivity and the slope gradient. Soil protection measures such as mulching help absorbing part of the kinetic energy of the rain and can be effective in reducing soil splash detachment. 
